
Immunology and Cell Biology

 

 (2005) 

 

83

 

, 129–143 doi:10.1111/j.1440-1711.2004.01304.x

© 2004 Australasian Society for Immunology Inc.

 

Research Article

 

Marked structural and functional heterogeneity in CXCR4: 
Separation of HIV-1 and SDF-1
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Summary  

 

CXCR4, the chemotactic cell receptor for SDF-1

 

α

 

, is essential for immune trafficking and HIV
infection. CXCR4 is remarkably heterogeneous and the purpose of this study was to better identify the isoforms
expressed by cells and compare their structure and function. We found that cells express either a predominant
isoform or multiple isoforms. These were best resolved on SDS-PAGE using sucrose-gradient-fractionated, triton-
insoluble, membrane extracts. We hypothesized that glycosyl modification may underpin some of this heterogeneity
and that cell isoform(s) differences may underscore CXCR4’s multiple cell functions. A comparison of wild-type
(WT) and dual N-linked glycosylation site, N11A/N176A, mutant CXCR4 expressed in 3T3 and HEK-293 cells
served to implicate variabilities in glycosylation and oligomerization in almost half of the isoforms. Immuno-
precipitation of CXCR4 revealed monomer and dimer non-glycosylated forms of 34 kDa and 68 kDa from the
N11A/N176A mutant, compared with glycosylated 40 kDa and 47 kDa and 73 kDa and 80 kDa forms from WT.
The functional specificity of isoform action was also implicated because, despite CEMT4 cells expressing high
levels of CXCR4 and 11 different isoforms, a single 83 kDa form was found to bind gp120 for HIV-1 IIIB infection.
Furthermore, comparative studies found that in contrast to SDF-1

 

α

 

-responsive Nalm-6 cells that expressed similar
levels of a single isoform, CEMT4 cells did not show a Ca

 

++

 

 flux or a chemotactic response to SDF-1

 

α

 

. Thus,
CXCR4 can differ both structurally and functionally between cells, with HIV-1 infection and chemotaxis apparently
mediated by different isoforms. This separation of structure and function has implications for understanding HIV-1
entry and SDF-1

 

α

 

 responses and may indicate therapeutic possibilities.
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Introduction

 

The importance of CXCR4 and stromal-derived factor (SDF-
1

 

α

 

) interactions is evident from mouse SDF-1

 

α

 

 and CXCR4
gene knockouts. Both are embryonically lethal as a result of
disruption to haematopoietic, angiogenic and neural develop-
ment, and have been reviewed in Juarez 

 

et al

 

.

 

1

 

 In the adult,
CXCR4–SDF-1

 

α

 

 interactions are central to haematopoiesis,
immune responsiveness and angiogenesis.

 

2–5

 

 CXCR4 is also
implicated in a variety of pathological conditions, including
inflammation and the metastasis of a variety of cancers.

 

1

 

 In
combination with CD4, CXCR4 also provides a receptor-

binding complex for the HIV envelope glycoprotein (gp120),
which facilitates HIV-1 cell fusion and viral entry by CXCR4
utilizing X4 strains of HIV-1.

 

6–10

 

 SDF-1

 

α

 

 and gp120 bind
overlapping but distinct regions on CXCR4.

 

11,12

 

 Cell surface
CXCR4 reacts multifunctionally to SDF-1

 

α

 

 exposure and
promotes a variety of proliferative, differentiative, survival,
morphological, chemotactic and adhesive cell responses.

 

1

 

 This
raises questions of whether CXCR4 has functionally different
forms between cell types and how CXCR4–SDF-1

 

α

 

 inter-
actions might be mediated or controlled. These questions are
particularly pertinent considering CXCR4’s constitutive
expression by most body tissues.

 

2,13,14

 

Variability in cell surface expression alone appears too
simplistic to explain the multiple cellular responses of CXCR4.
Our initial observations revealed MW heterogeneity in
CXCR4 between different cell types and suggested that the
biology of CXCR4 was far more complex than has been
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appreciated.

 

15,16

 

 Other studies have also described a variety of
different CXCR4 MW forms, such as the predominant
45–47 kDa isoforms found in MoltT4, Sup-T1 and trans-
fected BS-C-1 cells

 

8,17,18

 

 and 59–62 kDa and 90 kDa forms
found in monocytes.

 

19

 

 In this study, we show that other cells,
including CEMT4, THP-1 and HEK-293, 3T3 and U-87
transfectants, as do transfected HeLa cells,

 

20

 

 express multiple
different MW isoforms. The considerable differences in the
MW of the CXCR4 isoforms observed cannot simply be
explained by either gene splicing

 

2

 

 or genetic polymorphism.
There are, however, numerous post-translational modifica-

tions of CXCR4, including N-glycosylation,

 

21

 

 disulfide for-
mation,

 

22

 

 tyrosine sulfation,

 

20,23

 

 serine chondroitin sulfation,

 

20

 

oligomerization

 

19

 

 and proteolysis,

 

24–26

 

 that affect approxi-
mately 9% of extracellular residues as well as phosphoryla-
tion of intracellular CXCR4 sites.

 

27

 

 We investigated whether
N-glycosylation contributes to the different MW forms
observed. We also carried out a comparative functional study
examining cell calcium mobilization and chemotactic
responses in cells that express different CXCR4 isoforms.
This led us to hypothesize that CXCR4 isoform differences
exist between cells and their differential expression may
influence CXCR4-driven cell functions such as HIV-1 entry
or responsiveness to SDF-1

 

α

 

.

 

Materials and methods

 

Chemicals and peptides

 

All chemicals used were from Sigma Chemicals (St Louis, MO,
USA) unless otherwise stated. With the assistance of Dr R Liu and A
Wong we synthesized and purified mimetic peptides of the N-termini
of CXCR4 (X4NT)(aa 1–38), CCR5 (R5NT)(aa 1–31) and CCR3
(R3NT)(aa 1–34)

 

28

 

 using standard f-moc chemistry. Peptide purity
was assessed using mass spectrometry on a Voyager DE mass
spectrometer (Perseptive Biosystems, Framingham, MA, USA).
Additional CXCR4 peptides of aa 1–20 (X4N1) and aa 19–38 (X4N2)
and scrambled composites of identical amino acids, namely
X4N1-scr ([H]-SGDMTDGIYE-IESMGEYNTS-[NH2]) and X4N2-
scr ([H]-AFGDECNKME-FNSYDNPKRE-[NH2]), and a control
cytomegalovirus (CMV) UL87 peptide ([H]-SGEYDVLITD-
GDGSEHNNPN-[NH2]) were obtained from Auspep (Parkville,
Victoria, Australia).

 

Antibodies

 

The IgG

 

1

 

 RL5C3 and RL3G5 mAb we raised to keyhole limpet
haemocyanin (KLH) coupled X4NT peptide and prepared as previ-
ously described.

 

29

 

 The 4G10 mAb is also a CXCR4 N-terminus-
directed antibody.

 

21

 

 The 12G5 (IgG

 

2a

 

) mAb was obtained from the
National Institutes of Health AIDS Research and Reference Reagent
Program (Rockville, MD, USA) and from R & D Systems (Minne-
apolis, MN, USA) and the 171 (IgG

 

2a

 

), 172 and 173 (IgG

 

2b

 

) mAb
from R & D Systems. The hybridomas used were cultured in protein-
free hybridoma medium (PFHM-II) with L-glutamine (Life Technol-
ogies, Gaithersburg, MD, USA) and the mAb purified using 1 mL
HiTrap protein G selpahose columns (Amersham Pharmacia Biotech,
Uppsala, Sweden) and low-pressure chromatography procedures.
Rabbit polyclonal antibody (pAb) to X4NT peptide was prepared by
BioQuest (North Ryde, NSW, Australia). Additional CXCR4 pAb
were obtained from Santa-Cruz Biotechnology (Santa Cruz, CA,
USA) and Biochain (Hayward, CA, USA).

 

Primary and cultured cells

 

The CEMT4 and HeLa human cell lines and U87.CD4 and
U87.CD4.CXCR4 glioma cell-line transfectants were obtained from
the National Institutes of Health AIDS Research and Reference
Reagent Program. Jurkat PM-1, THP-1, K562, MDA-MB-231, T-47D
ductal and HEK-293 cell lines were obtained from the American
Type Culture Collection (Rockville, MD, USA). The 3T3-CD4 cells
were a gift from Dr Dan Littman (Skirball Institute of Biomolecular
Medicine and Howard Hughes Medical Institute, New York Univer-
sity School of Medicine, NY, USA). The Nalm-6 cells were provided
by Dr Ken Bradstock (Westmead Hospital, NSW, Australia). Cells
were cultured in RPMI-1640 (Life Technologies) and supplemented
with 10% heat-inactivated fetal bovine serum (CSL, Parkville, Victoria,
Australia). The MDA-MB-231 and T-47D breast cancer cell lines
were supplemented with 0.25 IU/mL human neutral insulin, Actrapid
(Novo Nordisk Pharmaceuticals, North Rocks, NSW, Australia).
Human umbilical vein endothelial cells (HUVEC), gingival fibro-
blasts, PBMC and PBL were prepared as previously described.

 

30–32

 

Flow cytometry

 

Cells (1 

 

× 

 

10

 

6

 

) were incubated with 1 

 

µ

 

g of mAb at 4

 

°

 

C for 20 min in
10% FCS in PBS. Cells were washed in buffer (PBS, 0.1% BSA,
0.1% sodium azide, pH 7.5) by 150 

 

g

 

 centrifugation for 5 min fol-
lowed by incubation with sheep antimouse Ig-FITC conjugated
secondary antibody (Becton Dickinson, San Jose, CA, USA) at 4

 

°

 

C
for 20 min. After washing, the cells were analysed using the Cell Quest
software with a FACS calibur flow cytometer (Becton Dickinson).

 

Preparation of cell membranes

 

Cells were washed twice with 0.1% BSA in PBS, pH 7.5, and
resuspended to 5 

 

× 

 

10

 

7

 

 cells/mL in membrane extraction buffer
(0.25 mol/L sucrose together with 10 mmol/L iodoacetamide [IAA],
10 mmol/L EDTA, 1 mg/mL BSA with protease inhibitors) at
4

 

°

 

C.

 

32,33

 

 Plasma membranes were disrupted by sonication using a
Branson Sonifer 450 (Branson Ultrasonics Corporation, Danburg,
CT, USA) at 30 W for two 10 s pulses at 4

 

°

 

C. Granule and particulate
material was removed by centrifugation at 1000 

 

g

 

 for 10 min at 4

 

°

 

C
and membranes pelleted by ultracentrifugation at 105 000 

 

g

 

 for
60 min at 4

 

°

 

C in a TL-100 ultracentrifuge (Beckman, Palo Alto, CA,
USA). Pellets were resuspended in either 250 

 

µ

 

L of non-reducing
SDS-PAGE sample buffer or 200 

 

µ

 

L of lysis buffer.

 

32,33

 

 Some
experiments were carried out using an alternate lysis buffer of 1%
Brij-97 (polyoxyethylene 10 oleyl ether) with 30 min incubation at
room temperature (RT). Lysates were subsequently centrifuged at
12 000 

 

g

 

 for 10 min at RT to obtain the non-ionic detergent soluble
and insoluble factions and processed for electrophoresis either with or
without sucrose-gradient prefractionation as described previously.

 

34

 

Immunoprecipitation, immunoblotting and biotinylation

 

Protein immunoprecipitation from non-ionic detergent soluble super-
natant was carried out using 1 h treatment with antibodies at 4

 

°

 

C or
with matched 1 

 

µ

 

g/mL isotype or polyclonal control Ig.

 

32

 

 Cell surface
CXCR4 biotinylation, blotting and detection was carried out on cells
washed in PBS and labelled using incubation with 0.25 mmol/L
biotinylation reagent (biotinamidocaproate N-hydroxy succinamide
ester) at RT for 30 min and processed as previously described.

 

32,33

 

For immunoblotting, immunoprecipitates were electrophoresed
on precast 4–15% acrylamide gels from Bio-Rad (Hercules, CA, USA),
4–12% polyacrylamide gels from Novex (San Diego, CA, USA) or
4–20% polyacrylamide gels from Gradipore (Frenchs Forest, NSW,
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Australia) and electrotransferred to 0.2 

 

µ

 

m nitrocellulose (Schleicher
and Schuell, Keene, NH, USA).

 

35

 

 After blocking, the nitrocellulose
sheets were incubated at RT for 1 h with rabbit anti-CD4 (1/10 000),
rabbit anti-CXCR4 (1/1000) or anti-CXCR4 primary mAb at 1 

 

µ

 

g/mL
and processed according to earlier descriptions.

 

32

 

HIV-1 glycoprotein 120 binding studies

 

Biotinylation of purified IIIB HIV-1 gp120 protein (National Insti-
tutes of Health AIDS Research and Reference Reagent Program) was
carried out using the EZ-Link™ NHS-LC-Biotin reagents as per the
manufacturer’s recommendation (Pierce, Rockford, IL, USA). Bio-
tinylation of gp120 did not disrupt binding to CD4 as determined by
soluble recombinant CD4 ELISA capture assay (data not shown). Far
Western blotting was carried out using the immunoblotting method
except that the antibodies were substituted with biotin-labelled
gp120. To prevent the gp120 from binding to immobilized cell CD4,
and to expose co-receptor binding sites, 2 

 

µ

 

L of a 0.74 mg/mL stock
of IIIB gp120 was first pre-incubated with 1.2 

 

µ

 

L of a 5 mg/mL stock
of recombinant CD4 (rCD4) for 30 min at 37

 

°

 

C with mixing. After
SDS-PAGE and electrotransfer of protein to nitrocellulose, far
Western blotting was carried out with 1.5 

 

µ

 

g labelled gp120 in 10 mL
of BSA blocking buffer for 1 h at RT. The blots were then processed
as described above for biotin reactivity by the addition of a 1/2500
dilution of streptavidin-horseradish peroxidase (HRP), followed by
chemiluminescence detection. Similar to the method for gp120
binding to intact cells, 2 

 

×

 

 10

 

6

 

 cells/mL were incubated with unla-
belled IIIB gp120–CD4 complex at 1.5 

 

µ

 

g gp120/10

 

7

 

 cells for 30 min
at 37

 

°

 

C prior to cell washing, lysis, SDS-PAGE and nitrocellulose
blotting. HIV gp120 protein was then detected by immunoblotting
using a pool of anti-gp120 mAb, B13 and C12, followed by sheep
antimouse-HRP conjugate detection.

 

Mutagenesis and recombinant vaccinia viruses

 

CXCR4 mutations were prepared using a QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA, USA) in accordance with
the manufacturer’s instructions.

 

21

 

 Two mutagenic polyacrylamide gel
electrophoresis-purified oligonucleotides were used per mutation
and the identities of the mutant confirmed by DNA sequencing.
Recombinant vaccinia viruses encoding either wild-type (vHC-3) or
dual glycosylation site N11A, N176A mutant (vHC-7), were prepared
by subcloning the appropriate cDNA into the 

 

Sma

 

I site of pMC1107
as previously described.

 

21

 

 Purified vaccinia virus was used at a
multiplicity of infection (MOI) of 20 plaque-forming units/cell for
infection of cells and expression of CXCR4.

 

HIV-1 infection

 

Viral stocks of the T-tropic HIV IIIB isolate obtained from the
National Institutes of Health AIDS Research and Reference Reagent
Program were expanded from PHA-activated (5 

 

µ

 

g/mL phyto-
haemagglutinin stimulated for 3 days) and infected PBMC (white
blood cells were obtained courtesy of the Australian Red Cross Blood
Transfusion Service). The virus was added to 1.5 

 

×

 

 10

 

5

 

 CEMT4 cells
or 1.5 

 

× 

 

10

 

6

 

 PBMC cells at a MOI of 0.01. Infections were carried out
for 2 h at 37

 

°

 

C with mixing. The cells were then washed three times
and resuspended in RPMI-1640 with 10% FCS and recombinant
human IL-2 (Roche Diagnostics, Alameda, CA, USA) and incubated
in 24-well culture plates at 37

 

°

 

C. Supernatants were sampled for
assay at days 4, 7, 10 and 14 post-infection, with 500 

 

µ

 

L removed
from each well after 4 and 7 days of culture and replaced with 500 

 

µ

 

L
of fresh media. Levels of infection were determined by measuring

p24 Ag using a Coulter HIV-1 p24 antigen assay kit (Miami, FL,
USA). Cultured cells were also visualized using phase-contrast light
microscopy.

 

SDF-1

 

α

 

 cell chemotaxis, calcium flux and cell binding 
assays

 

Cell chemotaxis was determined as previously described using 5 

 

µ

 

m
pore membranes for CEMT4 and 8 

 

µ

 

m for Nalm-6 or Jurkat cells and
100 ng/mL SDF-1

 

α

 

 as the chemoattractant.

 

36,37

 

 Calcium flux assays
were carried out on 10

 

6

 

 cells loaded with fura-red dye (Molecular
Probes, Eugene, OR, USA). The fluorescence emission ratio was
followed kinetically by flow cytometry (Becton Dickinson) at 40 s of
mock and 200 ng/mL SDF-1

 

α

 

 or 2.5 

 

µ

 

g/mL ionomyocin treatments,
with the fluorescence monitored for a further 80 s. The binding of
SDF-1

 

α

 

 to cells (i.e. Nalm-6, CEMT4, Jurkat) was carried out by
30 min treatment of 10

 

6

 

 cells/mL with 0.5 nmol/L to 0.5 

 

µ

 

mol/L
SDF-1

 

α

 

 at 4

 

°

 

C. Cells were then treated with anti-CXCR4 phyco-
erythrin (PE)-conjugated mAb 12G5 at 1 

 

µ

 

g/10

 

6 cells followed by
flow cytometry. The SDF-1α binding was scored using the loss of
mAb 12G5 binding to the respective cells.

Results

Specificity of antibodies generated against N-terminus 
CXCR4 peptide

Monoclonal antibodies RL5C3 and RL3G5 and a pAb to
CXCR4 N-terminus peptide were shown to be specific at
0.2 µg/mL by dot blotting for CXCR4 N-terminus peptides
(X4NT and X4N1 or X4N2) spotted onto nitrocellulose (1 µg
to 1 ρg) (Fig. 1A,B). No cross-reactivity to scrambled pep-
tides of CXCR4 N-terminus, CMV peptide or N-terminus
peptides of CCR3 or CCR5 was detectable. As expected mAb
12G5, 171 and 173, which target different epitopes in the
extracellular loops of CXCR4,17,38,39 did not react with any of
the N-terminal peptides of CXCR4, CCR3 or CCR5
(Fig. 1A). The specificity of RL5C3 and RL3G5 mAb was
further confirmed using flow cytometry, with CXCR4
detected on U87.CD4.CXCR4 transfected cells but not on
U87.CD4 transfected glioma cells (data not shown).

Multiple molecular weight bands detected by CXCR4 
antibodies on CEMT4 cells

Initial studies on CEMT4 cell lysates for CXCR4 Ag by
immunoblotting showed considerable variability in the banding
patterns detected by different anti-CXCR4 antibodies, but
these bands were accompanied by high backgrounds (data not
shown). To enhance the clarity and resolution, the experi-
ments were repeated and the results confirmed using cell
membranes (Fig. 2). When the banding profiles of mAb
RL3G5, 171, 173 and 12G5 were compared in Triton/Nonidet
P-40 or Brij97 soluble fractions there were both common and
different bands (Fig. 2A,B,D). The specificities of the blotting
reactions were confirmed both by the lack of detection by
IgG1 (Fig. 2A,D) and IgG1 and IgG2a pool (Fig. 2B) isotype
control blots and more importantly by specific inhibition of
anti-CXCR4 N-terminus mAb RL3G5 binding by the X4NT
peptide to which this antibody was raised (Fig. 2C). Different
cell lines (e.g. PM-1, THP-1) and primary cells were also
examined and similar results were found (data not shown).
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Notably, CXCR4 Ag was consistently extracted by SDS more
efficiently than by non-ionic detergents (Fig. 2A,B). Multiple
experiments revealed Ag with approximate MW of 40, 47, 52,

62, 70, 83 and 110 kDa as the major species repeatedly
detected by mAb RL3G5 in samples extracted with Triton
X-100/Nonidet P-40 and Brij-97 detergents. The 110 kDa Ag
was the most prominent band observed using this mAb and
using the commercial anti-CXCR4 mAb 171 and 173
(Fig. 2A,D). The migration of this band was unaffected by
reduction using either 0.3 mol/L β-mercaptoethanol (Fig. 2A
lane 4) or 2.5% dithiothreitol (data not shown) and this was
observed for a previously described CXCR4 Ag.19 A number
of experiments also revealed high MW Ag of more than
110 kDa (Fig. 2A). In addition, mAb 171 clearly revealed a
lower MW Ag form (34 kDa). For comparison the extraction
efficiency of membrane CD4 was also examined in parallel
(Fig. 2E) and in contrast to CXCR4 the 55 kDa monomeric
CD4 was extracted with similar efficiency by all detergents
(SDS recovered slightly more), but importantly without the
multiple banding patterns observed with anti-CXCR4 treat-
ments. In comparison to the multiple MW banding observed
for CEMT4 and for THP-1 cells and transfected cells
(Figs 3–5), we have found that there are considerable differ-
ences in the CXCR4 forms expressed by different cell types.
This is evident from the expression profile for primary
HUVEC cells (Fig. 2E), which when examined identically
using the same mAb that reveal multiple forms in CEMT4
revealed the expression of a predominant single 110 kDa Ag
in HUVEC by RL3G5 (Fig. 2E). Other examples of cells that
express a single predominant isoform of CXCR4 are the
75 kDa expressing Jurkat and Nalm-6 cells (Fig. 3C). Thus,
cells can be broadly grouped into two categories, those
expressing a single predominant form (group A) and those
expressing multiple forms (group B).

CXCR4 detection by conformational and peptide-derived 
anti-CXCR4 monoclonal antibodies

The immunoblotting profile of CXCR4 in CEMT4 membrane
extracts detected using the peptide-raised RL3G5 mAb was
compared with several commercial conformational mAbs
(Fig. 2A,B,D). The 12G5 mAb poorly detected the prominent
110 kDa band shown by RL3G5, 171 and 173, but did
recognize the other lower MW forms when immunoblotting
was carried out at the highest sensitivity. The mAb 172 is a
conformational antibody that was not reactive in immunoblot-
ting presumably because of epitope disruption by SDS. A
compilation and comparison of CXCR4 bands resolved from
many experiments using a variety of anti-CXCR4 antibodies
that target a range of extracellular CXCR4 epitopes is sum-
marized in Table 1. These show considerable variability in
the protein bands detected, with only three bands, measuring
34, 40 and 47 kDa and designated as isoforms α1, α2 and α3,
respectively, being universally detected by all antibodies.

Cell comparison for expression of the prominent 110 kDa 
CXCR4 isoform

The marked 110 kDa (α11) isoform expressed by T-lymphoid
CEMT4 cells and primary HUVEC was also compared with
membrane extracts of HeLa cells, primary PBL (with and
without PHA/IL-2 activation), two breast cancer cell lines
(MDA-MB-272 and T-47D), a chronic myelogenous leu-
kaemic cell (K-562) and another T cell line (PM-1) (Fig. 3A).

Figure 1 Immunoblotting reactivity of anti-CXCR4 antibodies
to CXCR4, CCR3 and CCR5 N-terminal peptides and control
peptides. The RL5C3 and RL3G5 mAb and rabbit polyclonal
antibody generated to CXCR4 N-terminal peptide were examined
by dot blotting for reactivity to N-terminus CXCR4, CCR3 and
CCR5 peptides, sequence scrambled peptide and unrelated control
cytomegalovirus (CMV) peptide. These mAb were compared
with the commercial mAb 12G5, 171 and 173, and with pre-
immune serum, respectively. (A) Serial dilutions of N-terminal
peptides of 1 µg, 100 ng, 10 ng, 1 ng, 100 pg, 10 pg and 1 pg were
spotted (1 µL) onto nitrocellulose, blocked with ‘blotto’ solution
and incubated with 1 µg/mL of the respective mAb. Incubations
were for 1 h at room temperature prior to exposure with secondary
sheep antimouse horseradish peroxidase (HRP) or donkey anti-
rabbit HRP conjugates, followed by chemiluminescence detec-
tion. Peptides are indicated to the right and the blotting antibody
is noted beneath each blot. (B) Serial dilutions of full length N-
terminus (X4NT) or peptides representing truncated N-terminus
amino acids 1–20 (X4N1) and 19–38 (X4N2) or their scrambled
sequence counterparts 1–20scr (X4N1-scr) and 19–38scr (X4N2-
scr) were spotted and RL5C3 and RL3G5 epitope mapping
carried out.
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This comparison demonstrated considerable variability in the
expression of a single 110 kDa RL3G5 mAb detected isoform
between cells, and revealed an upregulation on PBL stimula-
tion (Fig. 3A, lanes 4 and 5). Specificity of RL3G5 binding to
CEMT4 and K-562 cell extracts was demonstrated by com-
plete blockage using pretreatment with CXCR4 N-terminus
full-length (i.e. aa 1–39) X4NT and partial (aa 1–20) X4N1
peptides (Fig. 3B panels II and III) that possess the mAb
binding site (defined by peptide blotting [Fig. 1] and biosen-
sor [data not shown] epitope mapping). However, no block-
age was found using epitope X4N2 (aa 19–38) peptide or
control amino acid matched scrambled peptides (Fig. 3B
panels IV and V).

Differences in the CXCR4 isoform profiles captured from 
the surfaces of CEMT4, Nalm-6 and Jurkat cells

To examine whether the multiple forms of CXCR4 are cell-
surface expressed, CEMT4, Nalm-6 and Jurkat cells were
cell-surface labelled by biotinylation, followed by detergent
extraction and CXCR4 immunoprecipitation. The mAb 12G5
precipitated a single-surface expressed CXCR4 Ag of 75 kDa
from Nalm-6 and Jurkat cells, but multiple proteins of
47–120 kDa from CEMT4 cells, which was similar to the
findings from total cell membranes (Fig. 3). Immunoblotting of
Nalm-6 and Jurkat cell membrane extracts also revealed a
single prominent CXCR4 Ag of 75 kDa in those cells. Thus,

Figure 2 Detection of CXCR4 in CEMT4 and human umbilical vein endothelial cell (HUVEC) membrane extracts. CEMT4 membranes
(3 × 107 cells) were prepared and proteins extracted using either 2% SDS, 1% Triton X-100, 1% Nonidet P-40 (T + N) or 1% Brij-97 and
electrophoresed on 4–16% gradient SDS-PAGE followed by immunoblotting with 0.2 µg/mL of anti-CXCR4 mAb RL3G5 (A, lanes 1–4;
D, lane 5), 171 (D, lane 6), 172 (D, lane 7), 173 (D, lane 8), 12G5 (B, lanes 4–6) or IgG1 (A, lanes 5–8; D, lane 4; E, lane 1) or IgG1 and
IgG2a pool (B, lanes 1–3) isotype controls (i.e. 1 µg/blot). Samples in lanes 4 and 8 were reduced with 0.3 mol/L β-mercaptoethanol prior
to SDS-PAGE. (C) 0.2 µg/mL mAb RL3G5 was pre-incubated for 1 h at 37°C with 2 µg/mL of CXCR4 N-terminus peptide prior to (and
during) immunoblot analysis. (D) Blotting profiles were compared for CEMT4 triton-Nonidet P-40 extracts using the different CXCR4
mAb, RL3G5, 171, 172 and 173 within the same experiment. (E) Similarly to CEMT4 cells, HUVEC were extracted using 2% SDS and
immunoblotted with RL3G5. Also shown is anti-CD4 immunoblotting of CEMT4 cells revealed using a 1/10 000 dilution of the anti-CD4
pAb polyclonal T4-5 antibody (E, lanes 3–5). Blots were probed with antimouse antibody-horseradish peroxidase (HRP) conjugate (or
antirabbit antibody-HRP conjugate; E right hand panel) followed by chemiluminescence detection.



134 AJ Sloane et al.

cells variably express either a predominant CXCR4 isoform,
such as the 110 kDa form of HUVEC (Fig. 2D), or the 75 kDa
form of Nalm-6 and Jurkat cells (Fig. 3C), or numerous
different MW forms such as the 34–110 kDa isoforms of
CEMT4 cells (Figs 2,3).

Role for N-linked glycosylation in the different CXCR4 
isoforms

To investigate the possibility that post-translational modifica-
tion of CXCR4 could account for some of the varied SDS-
PAGE mobility differences, a comparison of wild-type (WT)
and CXCR4 point mutations at the asparagine glycosylation
sites (Asn11 and Asn176; dual glycosylation mutant [DM])
was done. Similar to the expression of native CXCR4 in
CEMT4 cells, a number of CXCR4 Ags were revealed in the
WT, with mobilities of 40, 47, 62, 73 and 80 kDa (forms
α2,4,6,7,8) (Fig. 4), by SDS-PAGE and immunoblotting with
polyclonal anti-CXCR4. The CXCR4 Ag detected in the
N11A/N176A DM mutant had fewer bands, with Ag of 34
and 68 kDa detected. Importantly, parallel treatment of the
non-transfected controls was consistently negative for these
bands. Thus, we concluded that non-glycosylated CXCR4
runs as a 34 kDa Ag, but that the corresponding glycosylated
WT CXCR4 monomer species migrates with dual higher MW
of 40 and 47 kDa. These findings also suggested that the
68 kDa species in the N11A/N176A DM immunoprecipitates
represents a dimer of non-glycosylated 34 kDa CXCR4. In
comparison the two bands measuring 73 and 80 kDa in WT
preparations may similarly represent dimers of glycosylated
CXCR4, and in the case of the 73 kDa isoform possibly a
mixed heterodimer of glycosylated and non-glycosylated
CXCR4. Overexposure of the WT immunoblotting profile
(Fig. 4B) revealed a slight banding of 34 kDa, indicating that

Figure 3 Comparison and specificity of CXCR4 forms in
membranes and on the surface of different cell types. (A) Com-
parison between cells types for expression of the 110 kDa CXCR4
antigen. PM-1, CEMT4, HeLa, PBL (±PHA/IL-2 activation),
K-562, MDA-MD-231 and T-47D cell membranes were extracted
with 2% SDS. Each sample (equal protein from 3 × 106 cells in
15 µL) was analysed by SDS-PAGE using a 4–16% polyacryl-
amide gradient gel followed by immunoblotting with 0.2 µg/mL
of anti-CXCR4 mAb RL3G5. (B) Peptide inhibition of anti-
CXCR4 mAb binding to the 110 kDa form. Membranes were
prepared from CEMT4 and K-562 cells (3 × 106) (lanes 1,2) and
proteins extracted using 2% SDS and analysed by SDS-PAGE.
Immunoblotting using 0.2 µg/mL of anti-CXCR4 mAb RL3G5
was carried out with or without mAb pretreatment with 2 µg/mL
of the following peptides for 1 h at 37°C: (I) untreated; (II)
complete CXCX4 N-terminus peptide aa 1–38 (X4NT); (III)
CXCR4 N-terminus peptide aa 1–20 (X4N1); (IV) CXCR4
N-terminus peptide aa 19–38 (X4N2); and (V) a mix of scrambled
X4N1-scr + X4N2-scr peptides. (C) Capture of cell-surface
expressed CXCR4 isoforms: comparison of Nalm-6, CEMT4 and
Jurkat cells. Nalm-6, CEMT4 and Jurkat cells (2 × 107 cells) were
surface labelled with biotin. Following detergent extraction the
respective CXCR4 was immunoprecipitated using 1 µg/mL of
12G5 anti-CXCR4 mAb prior to SDS-PAGE. The biotinylated
proteins captured were revealed by streptavidin-horseradish
peroxidase (HRP) blot detection.

Figure 4 Examination of the CXCR4 antigen of wild-type (WT)
and glycosylation site mutants. Vaccinia virus WR38 (NC) was
used to express either WT or dual mutation N11A, N176A (DM)
in 3T3-CD4 cells (A) or in HEK-293 cells (B). Cells were lysed
in buffer containing Brij-97 and immunoprecipitation was carried
out using 2 µg of mAb 4G10. The immunoprecipitation products
of the DM and WT CXCR4 transfectants were compared with
the vaccinia virus WR38 control (NC) alone using SDS-PAGE
immunoblotting for CXCR4 (using the biochain polyclonal anti-
CXCR4 antibody) (see Fig. 7A,B). In the case of (B) the X-ray
film was overexposed intentionally to enhance the chemilumines-
cence signal to reveal the minor species. An asterisk denotes the
respective CXCR4 bands.
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non-glycosylated CXCR4 is expressed by WT, and an addi-
tional slight band of 62 kDa. Thus, the Ag expressed in these
transfected cells matched those found in CEMT4 cell mem-
brane extracts. These results support the conclusion that
variability in glycosylation and oligomerization is responsible
for approximately half of the overall heterogeneity observed.

Fractionation and immunoblotting of triton-insoluble 
CEMT4 cell extracts

Non-ionic detergents only partially extract CXCR4 Ag from
membranes (Fig. 2). Because the majority of CXCR4 parti-
tions to a protein-rich insoluble fraction, sucrose-gradient
fractionation of this component was used to further enhance
protein separation. Analysis of the resulting fractions pro-
vided the best resolution of the respective isoforms by non-
reduced SDS-PAGE and immunoblotting to clearly reveal
CXCR4 Ag of 40, 42, 47, 52, 70 and 83 kDa by RL5C3 mAb,
and additional Ag of 34, 100 and 110 (and very high MW Ag)
by 171 mAb (Fig. 5B,D). Interestingly, reductive stripping of
the nitrocellulose blot using β-mercaptoethanol prior to
RL5C3 reprobing resulted in increased detection of the 40
and 52 kDa Ag (i.e. Fig. 5 red vs non-red), implicating
epitope exposure using this procedure. Control blots of these
fractions using anti-CD4 resolve the characteristic 55 kDa
CD4 Ag in the absence of any non-specific or multiple other
bands (Fig. 5D). Thus, sucrose-gradient fractionation of triton-
insoluble extracts best resolves CXCR4 Ag (34–83 kDa).
Additional blots using RL3G5 and 4G10 mAb gave compar-
able banding (data not shown), but RL3G5 discriminates
the 110 kDa isoform. Parallel fractionation and analysis of
monocytoid THP-1 cells similarly revealed multiple CXCR4
bands by RL5C3 (i.e. Fig. 5E). Sucrose-gradient fractionation
as routinely used in the laboratory for separation of lipid-raft
associating proteins,34 which separate to fractions 5–8 (Fig. 5D),
revealed that the CXCR4 of unstimulated CEMT4 and THP-1
cells partitions to a different, sucrose-heavy, lipid-poor, non-
raft set of fractions (>9). Specificity of the multiple CXCR4
banding of CEMT4, THP-1 and transfectant 3T3 and HEK
cells (Fig. 4) was further demonstrated using sucrose extracts
of U87.CD4.CXCR4 compared to U87.CD4 cell fractions
with multiple Ag of 62, 75 and 83 kDa in the former (Fig. 7B).

It is important to note that the multiple CXCR4 banding of
the above cells contrasts markedly with other cells that
express a single or predominant isoform. For example, those
found in immunoblotting and surface capture experiments of
HUVEC (prominent 110 kDa isoform), Nalm-6 (75 kDa Ag)
(Figs 2,3) and for primary gingival fibroblasts (90 kDa)
(Fig. 7A).

Evidence for a direct and constitutive interaction between 
CD4 and CXCR4

CD4 and CXCR4 have previously been co-captured along
with gp120 in a tri-molecular complex.18,40 The CXCR4
captured in those studies was the 47 kDa form from non-ionic
detergent cell extracts. We examined whether native cellular
CD4 and CXCR4 complexes could occur in the absence of
gp120 in triton-soluble extracts. CD4 was captured by anti-
CD4 (Q425) mAb immunoaffinity chromatography from
CEMT4 cell lysates. Selective co-capture of the 47 kDa

CXCR4 antigen was revealed using RL5C3 mAb immuno-
blotting (Fig. 6B). To examine the effect of glycosylation on
the CD4–CXCR4 association, 4G10 mAb immunoprecipita-
tions were also carried out using the glycosylation site N11A/
N176A dual mutant of CXCR4 and compared with WT
CXCR4 expressed in 3T3-CD4 cells. CD4 was co-captured
with CXCR4 in both cases (Fig. 6C), but enhanced capture
of CD4 was found in the N11A/N176A transfected cells
compared with WT CXCR4, suggesting a preferential binding
of CD4 to non-glycosylated CXCR4 under these conditions.

Figure 5 Sucrose gradient fractionation of non-ionic detergent
insoluble CXCR4 from CEMT4 and THP-1 cells. The triton-
insoluble pellets from 1 × 109 CEMT4 cell membranes were pre-
pared and subjected to 5–40% sucrose gradient centrifugation.
Thirteen 1 mL fractions from the top to the bottom of the gradient
were collected, proteins concentrated, electrophoresed and
immunoblotted using RL5C3 mAb (A). The blot was stripped
under reducing conditions and re-probed with RL5C3 (B), 171 (C)
and anti-CD4 antibodies (D). Similarly to the CEMT4 cells, THP-1
cell membranes were prepared, fractionated and blotted using the
anti-CXCR4 mAb 5C3 (E). Fractions 4–8 correspond to classic
lipid-raft-associating fractions, to which raft-associating proteins
CD4 and Lck (data not shown) fractionate.
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Comparison of CXCR4 functional interactions in HIV 
infection and chemotaxis

Far Western blotting was carried out using biotinylated HIV-1
IIIB gp120 pre-complexed with soluble recombinant CD4 at a
ratio of 4:1 to examine functional interactions. The HIV-1
gp120–rCD4 complex consistently bound strongly and selec-
tively to the 83 kDa α8 CXCR4 form in triton-insoluble
CEMT4 extracts. Slight binding to the 40 kDa α2 CXCR4 was
also observed in some experiments (Fig. 7C). To further
examine gp120–CD4 binding interactions with CXCR4, CEMT4

cells were treated with HIV gp120 in pre-complex with CD4,
and the cells then lysed and extracted  as for experiments used
for the data in Figures 5 and 7B. The HIV-1 IIIB gp120–rCD4
that bound to intact cell CXCR4 was found to associate with
the triton-insoluble membrane fraction (Fig. 7D). This was
extracted as a high MW complex that migrated to the top of
the SDS-PAGE gels (≥1 × 106 Da). This complex when frac-
tionated on sucrose gradients was resolved in fractions 11–13,
to which CXCR4 also extracts (Fig. 5). In parallel infection
studies CEMT4 cells underwent productive infection by
HIV-1 IIIB with 1560 ± 40 ng/mL of p24 core HIV-1 Ag

Table 1 Summary of the different non-reduced CXCR4 antigens routinely detected by immunoblotting analysis of CEMT4 cell membrane
extracts using various purified anti-CXCR4 antibodies

Isoform α MW Anti-CXCR4 antibodies (purified) 

RL3G5 171 173 RL5C3 4G10 12G5 Bio-chain pAb SantaCruz pAb pool Reference no. 

11 110 +++ ++ +++ – – – – – 47

10 101 + + 47,63

9 90–95 + ++ – – – ++ + 19–21,47

8 80–83 ++ + – + ++++ – – + 47,50

7 68–75 ++ ++ – + + – ++ – 20,47,50,51

6 62 + ++ – ++ ++++ – – + 19,20,47

5 52 ++ + – ± + – – 24,55

4 47 ++ + + + + + ++ ++ 8,17,19,40,44,45,47,55

3 42 + – ± – + ± –
2 40 ++ + + + + + + + 20,46,47

1 34 + ++ ± ± + ++ + + 46,47

This table represents a compilation of the data from more than 100 blotting experiments. Multiple replicate experiments of immunoblotting
profiles for the different anti-CXCR4 antibodies are shown. These are compared for the respective MW band forms separated by SDS-PAGE from
CEMT4 cell membranes and given a relative intensity score shown by the + symbol. References from the literature are listed where evidence has
been presented for CXCR4 Ag of similar MW to those observed in CEMT4 cells.

Figure 6 Extraction and detection of CXCR4 from CEMT4
cells by immunocapture and immunoblotting. (A) CXCR4 in non-
ionic detergent-soluble cell extracts. CXCR4 was immuno-
precipitated from 5 × 107 CEMT4 cells using either pre-immune
control serum (lane 1) or an anti-CXCR4 pAb serum (BioQuest)
raised against the NH2-terminus of CXCR4 (lane 2) and analysed
by SDS-PAGE using an 8–16% polyacrylamide gradient gel,
followed by immunoblotting with 0.2 µg/mL of the anti-CXCR4
mAb RL5C3. Note: this demonstrates that anti-CXCR4, pAb, but
not pre-immune serum, captures CXCR4 Ag of 40, 42, 47, 62 and
83 kDa, further confirming the specificity of mAb immuno-
precipitation, blotting and glycosylation mutant transfection
studies in earlier sections. (B) Co-association of CD4 and CXCR4
in CEMT4 cells. CEMT4 cells (1 × 109) were lysed and CD4 sub-
sequently isolated by anti-CD4 (Q425 mAb) immunoaffinity
chromatography. The proteins captured were compared with pro-
teins eluted from an IgG1 control column prepared in parallel. An
aliquot of these samples (protein from 1 × 107 cell equivalents)
was analysed by SDS-PAGE followed by Western blot analysis
using the anti-CXCR4 mAb RL5C3 at 1 µg/mL. (C) Co-association
of CD4 with glycosylated and non-glycosylated CXCR4. The
glycosylation site mutant (DM) and wild-type (WT) 3T3-CD4
transfectants, described in Figure 4, were lysed in Brij-97 lysis
buffer and immunoprecipitated with anti-CXCR4 N-terminus
antibody 4G10. Coprecipitation of DM and WT CD4 was deter-
mined following blotting using the anti CD4 polyclonal antibody
T4-4 and compared with the vaccinia control (NC) alone.
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detected at 7 days postinfection and this was accompanied by
HIV-1-related cell cytopathic effects and syncytium forma-
tion revealed by microsopy (Fig. 7E).

Despite the capacity of CEMT4 cell CXCR4 to be func-
tionally responsive to X4 utilizing HIV-1, CXCR4 functional
responses to SDF-1α were found to be impaired. This was
evident when CEMT4 cells were compared and examined in
parallel with the B-lymphoid cell Nalm-6 and T-lymphoid
Jurkat cells. All three cell types showed equivalent high-cell
surface expression of CXCR4 (Fig. 8A). However, in contrast
to Nalm-6 and Jurkat cells, where the 172 and 12G5 mAb

bind at comparable high levels, there was a considerable
difference in 172 and 12G5 mAb binding to CEMT4 cells.
This result suggested differences in the exposure of the mAb
epitopes by CXCR4 isoforms of CEMT4 cells (with 172
markedly greater than 12G5 epitopes) compared with the
more homogeneous CXCR4 protein of Nalm-6 and Jurkat
cells. In functional calcium flux studies using fura-red loaded
cells, Nalm-6 cells provided a strong Ca++ flux response with
exposure to SDF-1α, a response that was not observed for
either CEMT4 or Jurkat cells (Fig. 8B). However, each cell
type did produce a strong Ca++ flux with exposure to a

Figure 7 Legend next page.
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positive control ionomyosin stimulus. A further functional
discrepancy was observed because CEMT4 cells did not show
a chemotactic response to 200 ng/mL of SDF-1α (Fig. 8C).
This result directly contrasted with a marked chemotactic
response by Nalm-6, and to a lesser degree by Jurkat cells,
following exposure to SDF-1α. Therefore, experiments were
carried out to determine whether the lack of chemotactic and
calcium flux CEMT4 responses resulted from a failure to bind
SDF-1α. Thus, SDF-1α binding to each cell type was evalu-
ated for its capacity to block 12G5 binding. Following
pretreatment of cells with SDF-1α, concentration-dependent
inhibition of 12G5 binding to all cell types was recorded
(Fig. 8D). At 0.5 µmol/L of SDF-1α this resulted in 80%,
60% and 30% inhibition of 12G5 binding to the surface of
Jurkat, Nalm-6 and CEMT4 cells, respectively. Although
SDF-1α did not bind to CEMT4 cell CXCR4 at the same
level as the other cell types, this result did indicate significant
binding to CEMT4 cells and suggests a functional block
downstream of binding. Thus, despite high surface expression
of CXCR4, binding and infection by T-tropic HIV-1, CEMT4
cell CXCR4 neither facilitates a calcium flux nor a chemo-
tactic response to SDF-1α.

Discussion

It is intriguing how CXCR4, a widely expressed multi-
functional protein pivotal to many essential processes, can
discriminately mediate different activities. In the present
study we examined whether CXCR4-mediated chemotaxis
and HIV-1 cell entry can occur independently. We provide
compelling evidence that T-lymphoid CEMT4 CXCR4 is
functional for X4 HIV binding and infection, and for binding
SDF-1α, but is refractory for SDF-1α-mediated chemotaxis
and calcium flux responses. Whether SDF-1α can affect other
cell morphological, adhesive, proliferative, differentiative or
cell survival functions remains to be determined. Our findings
may be supported by earlier studies that demonstrated
different intracellular signalling responses to SDF-1α and HIV-1

X4 gp120,41 and separation of pertussis toxin sensitive42 and
insensitive43 pathways. A full delineation of those structures,
pathways or blocks that disable the respective cell responses
may enable control points to be identified and targeted.

Biochemical extraction of the hydrophobic 7-transmembrane
(7-TM) spanning CXCR4 from cell membranes is difficult.
Brij-97 has been the main detergent used18,44,45 and we found
it to be equivalent to other non-ionic detergents (Triton X-
100, Nonidet P-40). However, there was surprising variability
in the immunoblotting profiles using different anti-CXCR4
antibodies, both within and between cells. CXCR4 Ag of
varying MW have previously been reported,8,19,46 resulting in
some confusion. We now find that cells can be broadly
grouped into two categories based on their CXCR4 SDS-
PAGE expression profiles. Group A cells, such as Nalm-6
and Jurkat cells (75 kDa CXCR4), primary gingival fibrob-
lasts (90 kDa) and primary HUVEC (110 kDa) cells, express
a predominant but different species (Figs 2,3,5). Group B
cells, including CEMT4, THP-1, overexpressed cell transfect-
ants (HeLa,20 HEK-293 cells) and primary lymphocytes,47

express multiple isoforms (Figs 2–7). In our focused study of
CEMT4 cells, a naturally derived subclone of CEM isolated
from an acute lymphoblastic leukaemic individual, using 15
specific CXCR4 antibodies, we identify and classify 11
different MW isoforms (α1–11) from membrane concentrates
(up to 1010 cell equivalents) in this single cell type (Table 1).

The predominant CXCR4 Ag highlighted in the literature
is the 46–47 kDa (α4) form first described in transfected
BS-C-1 cells8 and then subsequently in MOLT4, CEM,
SupT1, U937 cell lines, non-human Mink.CD4, 3T3.CD4.401
and transfected mouse BAF-B03 pro-B cells.17,18 Additional
forms of 59 kDa and 62 kDa (α6) have also been described in
primary monocytes.19 Small MW differences could result
from post-translational modification, from gene deletion or
differential splicing of CXCR4 mRNA transcripts.2 The net
effect of the latter would, however, be unlikely to be discrim-
inated by SDS-PAGE unless accompanied by additional post-
translational effects.

Figure 7 (from previous page). Expression of CXCR4 in non-ionic detergent-insoluble cell extracts: preferential binding of HIV gp120
to the 83 kDa CXCR4 of CEMT4. (A) Comparison of CXCR4 banding of detergent-insoluble cell extracts. CEMT4 cells (1 × 107) were
lysed and non-ionic detergent soluble (TS) and insoluble (TI) membrane extracts compared by immunoblotting using RL5C3 (left hand
panel). For comparison re-blotting of the TI fraction with anti-CD4 demonstrates the single 55 kDa band of CD4. Similarly, the CXCR4
profiles obtained using RL5C3 for Nalm-6 and human gingival fibroblasts are included (A, central panels). For reference the non-ionic
detergent-insoluble extracts fractionated by sucrose gradient centrifugation (Fig. 7) and immunoblotted with 171 and RL5C3 (A, right hand
panels) are included. (B) Immunoblotting for CXCR4 Ag in U87.CD4 and U87.CD4.CXCR4 cell extracts. U87.CD4 and stably transfected
U87.CD4.CXCR4 cells (1 × 107 cells) were treated as for the CEMT4 cell separations described in Figure 5, with sucrose fractionations
performed in parallel and anti-CXCR4 mAb RL5C3 immunoblotting profiles compared.  (C) Far Western blotting of HIV gp120 (IIIB)
to CXCR4 extracts. Biotinylated HIV gp120 (IIIB) precomplexed with soluble recombinant CD4 at a ratio of 4:1 was incubated with blots
of TS, TI and TI-sucrose fractionated CEMT4 cells to give 1.5 µg of gp120 per blot. Blots were then probed with streptavidin-horseradish
peroxidase (HRP) followed by chemiluminescence detection. (D) HIV gp120–rCD4 localization to triton-insoluble cell compartment. HIV
IIIB gp120-rCD4 complex was incubated at 1.5 µg gp120 with 1 × 107 CEMT4 cells in 200 µL. The cells were washed, lysed and the
proteins separated by SDS-PAGE and electrotransferred to nitrocellulose. HIV IIIB gp120 was detected using a pool of anti-gp120 mAb
and was found to extract in the triton-insoluble compartment with CXCR4 as shown in (C). HIV gp120 migrates non-reduced on SDS-
PAGE as a high MW protein complex at the top of SDS-PAGE gels. (E) HIV IIIB infection of CEMT4 cells. CEMT4 cells (1 × 106) were
infected with HIV IIIB for 2 h at a multiplicity of infection (MOI) of 0.01. HIV viral p24 assay at 7 days post-infection with mock infected
controls of 0 p24 Ag and infected CEMT4 cells 1560 ± 40 ng/mL p24. HIV IIIB infected PBMC infected in parallel gave p24 readings of
98 ± 2 ng/mL with mock controls of 0 ng/mL. Microscopic examination of the HIV IIIB infected CEMT4 cells is shown in (E, bottom
panel) versus uninfected controls (E, top panel). Arrows indicate the formation of syncytia (Syn) and cytopathic effects (CPE) in the
HIV-1 infected panel of cells.
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Figure 8 Comparison of cell surface expression and SDF-1α responsiveness in Nalm-6, CEMT4 and Jurkat cells. (A) Cell surface
expression of CXCR4. Nalm-6, CEMT4 and Jurkat cell CXCR4 expression was determined by flow cytometry using the anti-CXCR4
12G5 (thick grey lines) or 172 (stippled) mAb and compared with matched isotype controls (solid grey). (B) The calcium flux responses
of 5 × 105 Nalm-6, CEMT4 and Jurkat cells were determined by fluorescence emission ratio determinations of fura-red loaded cells
followed by flow cytometry, either untreated or treated with 200 ng/mL SDF-1α or with 2.5 µg/mL ionomycin. (C) Nalm-6, CEMT4 and
Jurkat cells were tested in transwell chemotaxis assay after 3 h at 37°C for chemotactic responsiveness with or without the addition of
100 ng/mL SDF-1α. (D) The binding of SDF-1α was determined by blockage of 12G5 binding to Nalm-6, CEMT4 and Jurkat cells
(1 × 106 cells/mL). Cells were incubated with varying doses 0.0005–1 µmol/L of SDF-1α for 30 min at 4°C, followed by labelling with
12G5 phycoerythrin (PE) -conjugated anti-CXCR4 mAb. 12G5 binding was then analysed by FACS analysis and values scored as a
relative value (0–1) compared with binding in the absence of SDF-1α.
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To address whether N-glycosylation contributed to the
observed heterogeneity, CXCR4 with alanine substitutions at
glycosylation sites, N11 and N176 (DM), was examined.21

Expression of the N11A/N176A DM in mouse fibroblast 3T3
and in HEK-293 cells provided a different Ag banding pattern
on SDS-PAGE immunoblotting from WT CXCR4. In DM
transfectants a 34 kDa Ag was found, indicating a migration
of non-N-glycosylated CXCR4 on SDS-PAGE with lower
apparent MW than the 39.7 kDa predicted from the primary
sequence.28,48 A similar MW Ag has also been reported for the
related CCR5 monomer.45 In comparison to DM, vaccinia
infected WT gave bands of 40 kDa and 47 kDa as well as a
very slight 34 kDa Ag, all of which match corresponding Ag
of CXCR4 natively expressed by CEMT4 cells. Conse-
quently, we conclude that these represent non-glycosylated
(34 kDa) and differentially glycosylated (40 and 47 kDa)
CXCR4. These three forms were also revealed in HEK-293
transfection and tunicamycin treatment studies.20 There-
fore, N-glycosylation is one factor in addition to splicing,2

tyrosine sulfation and serine chondroitin sulfation20 that
contributes to the diversity of CXCR4 structures expressed
by cells. The apparent 6 kDa and 13 kDa differences in MW
between differentially glycosylated CXCR4 we recorded in
the present study compares with earlier findings indicating that
asparagine 11 glycosylation involves a 5–6 kDa carbohydrate
moiety,21 as well as an approximate 10 kDa difference
between native and endoglycosidase-F-treated CXCR4.49

In addressing the high MW forms detected, CXCR4
can associate as tight non-covalent oligomers, can form
complexes with ubiquitin, and may be induced to dimerize
by SDF-1α ligation or heterodimerize with a CCR2
mutant.19,47,50,51 As the N11A/N176A mutant CXCR4 was
expressed as 34 kDa (monomer) and 68 kDa forms, the latter
presumably represent homodimers of non-glycosylated
CXCR4. Correspondingly, WT Ag of 73–75 kDa and 80 kDa
may represent dimers of variably glycosylated CXCR4 struc-
tures. A study using MOLT4 cells also reported 40 kDa
monomers and 80 kDa dimers.46 Whether the 80–83 kDa
CXCR4 are homodimers or heterodimers similar to the SDF-
1α-induced heterodimers50 remains to be determined. A high
MW non-reducible CXCR4 Ag of 90 kDa in monocyte-
derived macrophages (MDM) with different biochemical
properties to monomeric CXCR4 has also been described.19

Our study revealed a prominent CEMT4 Ag of 110 kDa (α11),
which was also the predominant CXCR4 isoform expressed
by primary HUVEC. This form is also upregulated in acti-
vated PBL (Fig. 3). Furthermore, RL5C3 mAb detected the
40 kDa (α2) and 52 kDa (α5) forms on reduced but not
unreduced blots (Fig. 5). As RL5C3 is directed to an N-
terminus epitope (aa 20–38) comprising cysteine (aa 28), this
may be evidence for CXCR4 with mixed open and closed
disulfide configurations similar to the insulin receptor ecto-
domain.52

Glycosylation and oligomerization differences could have
ramifications for CXCR4 usage by X4, R5 and dual tropic
HIV because N-linked glycosylation of the N-terminus21 can
alter viral tropism and HIV infection.21,53,54 Other CXCR4
post-translational alterations, such as cell surface N-terminus
enzymatic cleavage24–26 and tyrosine sulfation, but not serine
chondroitin sulfation,20 can also affect functional CXCR4
binding interactions with SDF-1α. Such findings support the

idea that there are a variety of post-translational CXCR4
modifications that can differ between cells and modify
CXCR4 functions.

Marchese and Benovic have described a 54 kDa CXCR4
in CEM cells55 and Lapham et al. have described forms of 62,
75–80 and 95–100 kDa,47 which have been found to be CXCR4–
ubiquitin complexes. In this study we have assessed CXCR4
association with the primary HIV-1 receptor CD4 and have
found a constitutive, but SDS-sensitive, association between
the 47 kDa CXCR4 isoform (α4) and CD4 in CEMT4 cells.
CXCR4 (47 kDa, α4)–CD4 associations have also been
described in highly expressing cell transfectants,18,19,40,44,45

which is consistent with a constitutive low affinity associa-
tion. Such an association is possibly enhanced by overexpres-
sion.44 A small core of co-localized CD4–CXCR4 membrane
associations would provide a foundation for the formation of
HIV Env–CD4–CXCR4 multimers to facilitate virus–cell
membrane fusion.40,44

The extraction of CXCR4 by non-ionic detergents, as
generally performed, was markedly less than the extraction by
SDS because the predominant membrane CXCR4 pool in
CEMT4 and THP-1 cells is triton insoluble. This may have
functional relevance because HIV budding, and possibly HIV
binding and fusion in lymphocytes, may involve triton-
insoluble, lipid-raft membrane microdomains9,56,57 to which
signalling proteins concentrate58–61 and CCR5 and CXCR4
may co-localize.56,59 Prefractionation by buoyant density facil-
itated clear visualization of CXCR4 isoforms; however nota-
bly, CXCR4 fractionated separately from lipid-raft fractions
to which characteristic raft markers, such as CD4 (Fig. 5),
Lck and GM1 (data not shown), localize.

Evidence to support specific functional isoform usage was
evident from the finding that of the 11 resolved CXCR4 Ag in
CEMT4 cells, HIV-1 IIIB gp120–rCD4 complex bound selec-
tively to the 83 kDa α8 form. Further studies are required to
characterize this form and to determine the exact composition
and stoichiometry of the high MW gp120 SDS-resistant
complex extracted from rgp120-treated CEMT4 cells that
barely enters 4% SDS-PAGE gels.

A most notable result was that CEMT4 cells, despite high
levels and the expression of multiple isoforms of CXCR4 and
the binding and infection by T-tropic IIIB HIV-1, neither
calcium flux nor respond chemotactically to SDF-1α. The
latter block in CXCR4 responses appears to be post-binding
because CEMT4 cells do bind SDF-1α, albeit at lower levels
than Nalm-6 cells (Fig. 8D). In contrast, Nalm-6 and Jurkat
cells, which express a single CXCR4 isoform of 75 kDa, do
chemotax to SDF-1α (Fig. 8). However, functional differences
in those cells are also apparent because Nalm-6 cells on
exposure to SDF-1α undergo a calcium flux, but Jurkat cells
do not. Other researchers have also found that some high
CXCR4-expressing primary pre-B acute lymphocytic leukae-
mic cells undergo calcium flux, but not chemotaxis to SDF-
1α.37 The 75 kDa isoform implicated in the chemotactically
responsive Nalm-6 and Jurkat cells appears to be very low in
or even absent from CEMT4 cells and may explain their SDF-
1α unresponsiveness. More definitive delineation of the
CXCR4 Ag of CEMT4 cells, Nalm-6 and HUVEC, particularly
of the respective 83, 75 and 110 kDa isoforms, is needed.

These studies show for the first time that the important
CXCR4 functions of chemotaxis and HIV infection can occur



CXCR4 variability in structure/function 141

independently. This may permit them to be separately targeted
therapeutically. In summary we have shown that: (i) CXCR4
is highly heterogeneous with different MW forms expressed
by cells; (ii) some cells coexpress multiple MW isoforms;
(iii) these isoforms arise in part from post-translational
CXCR4 modification through N-glycosylation and oligomer-
ization; (iv) there is constitutive association between CD4 and
the 47 kDa CXCR4 form in CEMT4 cells; (v) HIV-1 IIIB
gp120 binds selectively to the 83 kDa form; (vi) chemotaxis
can occur both with and without an accompanied calcium
flux; and (vii) there is functional separation of SDF-1α
chemotaxis and HIV-1 X4 infection responses.

Our observations promote the hypothesis that cell-specific
isoform expression underlies cell-specific CXCR4 functions.
Whether these occur through an uncoupling of signalling or
by other means,62 a direct causal relationship remains to be
demonstrated. Full characterization of each of the CXCR4
isoforms, their post-translational modifications, ligand binding
and the inter-protein associations that are necessary for organo-
genesis, haematopoeisis, chemotaxis, immune responses,
cancer and HIV infection is ultimately required.
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